In response to iron starvation, many bacteria produce siderophores which mediate high-affinity iron transport enabling iron to be scavenged from their surroundings. [1] [2] [3] In addition to their native siderophores, some bacteria are endowed with the uptake systems for heterologous siderophores produced by other bacterial and fungal species. In gram-negative bacteria, these siderophores loaded with ferric ion are transported via an energy dependent system across the membrane into the cytoplasm. The components of such systems include a receptor protein located in the outer membrane, a periplasmic binding protein and an ATP-binding cassette (ABC) type transporter located in the inner membrane.
The energy required for transport via the outer membrane receptor is provided by interaction of the receptor with the TonB-ExbB-ExbD complex located in the inner membrane, which couples the proton motive force created by the inner membrane for energy transduction. In general, siderophores display higher receptor specificity than proteins constituting the ABC transport systems. 4) Furthermore, expression of genes responsible for siderophore biosynthesis and uptake of its ferric complex are controlled by concentration of iron in the environment through a global iron-binding repressor called ferric utilization regulation (Fur) protein, with increased expression occurring under iron-limiting conditions. 2, 5) Vibrio parahaemolyticus is a gram-negative halophilic bacterium that is found in estuarine waters worldwide and is recognized as a leading cause of food-borne gastroenteritis. 6) V. parahaemolyticus secretes the siderophore vibrioferrin in response to iron starvation. 7) The pvsABCDE genes are involved in production 8) and secretion 9) of vibrioferrin, and uptake of its ferric complex occurs via the outer membrane receptor PvuA 10) and the ABC transporter PvuBCDE. 8) V. parahaemolyticus can also utilize a hydroxamate siderophore aerobactin, 11) which is produced by other pathogenic Vibrio species 12) as well as some members of Enterobacteriaceae, 13) such as Escherichia coli and Shigella species. Although a gene encoding ferric aerobactin receptor protein was identified in V. parahaemolyticus, 11) genes coding for its transporter components have remained unidentified. On the other hand, orthologs of the V. cholerae fhuACDB genes required for utilization of a hydroxamate siderophore ferrichrome, 14) have been annotated in the genomic sequences of V. parahaemolyticus RIMD2210633, 15) but none of these genes have been experimentally characterized to date. We report here that the V. parahaemolyticus fhuACDB orthologs are responsible for ferrichrome utilization and that the fhuCDB genes are also needed for transport of ferric aerobactin across the inner membrane.
MATERIALS AND METHODS

Strains, Plasmids, and Media
Bacterial strains and plasmids used in this study are listed in Table 1 . Unless otherwise noted, bacterial cells were routinely grown with shaking at 37°C in Luria-Bertani (LB) broth (pH 7.5, 1% tryptone peptone, 0.5% yeast extract) or grown on LB agar plates (1.5% agar) containing 3% (V. parahaemolyticus) and 0.5% (E. coli) NaCl. (LB) media with and without addition of the iron chelator ethylenediamine-di(o-hydroxyphenylacetic acid) (EDDA) (Sigma) at 25 mM were used for growth under ironlimiting (ϪFe) and iron-replete (ϩFe) conditions, respectively. The media for E. coli were supplemented with ampicillin (50 mg/ml) or chloramphenicol (10 mg/ml), when required.
Growth Assay V. parahaemolyticus TNB6 which carries a deletion in pvsA of strain AQ3354, resulting in no vibrioferrin production, 9) was used as a parental strain in order to avoid any cross-feeding of mutant strains with vibrioferrin produced by the wild-type strain. The parental strain and its deletion mutants described below were grown overnight in LB broth, and an aliquot of the preculture was inoculated into 5 ml of fresh LB broth at an optical density at 660 nm (OD 660 ) of 0.005 and shaken at 70 rpm under aerobic conditions at 37°C. The OD 660 was automatically recorded every 1 h with an Advantec TVS062CA biophotorecorder (Advantec Toyo Co., Ltd., Tokyo, Japan). When required, either of ferrichrome (iron-free form) (Sigma, hereafter called des- During the course of our investigation on the iron acquisition systems in Vibrio parahaemolyticus, a causative agent of seafood-related gastroenteritis, we found that this species utilizes desferri-ferrichrome for growth as a heterologous siderophore (a siderophore produced by other bacteria and fungi) under iron-limiting conditions. N-Terminal amino acid sequence analysis of the iron-repressible outer membrane proteins followed by searches of the reported genomic sequences of this species identified four relevant genes (called fhuACDB) forming an operon. Deletion analysis of the fhuA and fhuD genes indicated that the most upstream gene fhuAferri-ferrichrome according to Bergeron and McManis 16) ) or aerobactin was added to the iron-limiting LB broth at 20 mM. Aerobactin was purified from the spent culture of V. mimicus according to the procedure of Okujo and Yamamoto.
Identification and Characterization of Genes Required for Utilization of Desferri-Ferrichrome and Aerobactin in Vibrio parahaemolyticus
12)
General DNA Manipulations Standard DNA manipulations were carried out as described by Sambrook et al. 17) Chromosomal DNA of V. parahaemolyticus AQ3354 was extracted with the Wizard genomic DNA purification kit (Promega), and plasmids were isolated from E. coli strains with a plasmid mini-prep kit (Bio-Rad). Restriction and DNA modifying enzymes were used according to the instructions of the manufactures. DNA fragments were purified from agarose gels with the Prep-A-Gene DNA purification kit (Bio-Rad). Transformation of E. coli was performed by electroporation with a Gene Pulser apparatus (BioRad). Oligonucleotide primers (not shown) designed according to the reported sequences of V. parahaemolyticus RIMD2210633 15) were used for polymerase chain reaction (PCR)-sequencing of the fhu locus.
Nucleotide Sequence Determination and Homology Search Nucleotide sequences of V. parahaemolyticus AQ3354 were determined in two directions with a Hitachi DNA sequencer (SQ5500E) and the Thermo Sequenase premixed sequencing kit (Amersham Pharmacia Biotech) by primer walking. Prior to use, nucleotide primers were labeled with the 5Ј-oligonucleotide Texas red labeling kit (Amarsham Pharmacia Biotech). Nucleotide sequence analysis was carried out with the Genetyx-Mac, version 10.1, software package (Genetyx Software Development). The BLAST program 18) via the Genome Net service by Kyoto University Bioinformatics, Japan, was used for comparison of amino acid sequences deduced from the fhu genes with protein sequence databases. The V. parahaemolyticus AQ3354 fhu locus has been deposited in the DDBJ database under accession number AB119276.
Outer Membrane Protein Analysis V. parahaemolyticus AQ3354 and mutant strains, VPTF2 and VPFHA, were grown for 12 h under iron-limiting or iron-replete conditions. Cells thus obtained were sonicated and 1% sodium N-lauroylsarcosine (Sigma)-insoluble outer membrane proteins (OMPs) were isolated as described by Chart and Griffiths. 19) Protein concentration was determined by the Lowry method. OMPs were separated by SDS-PAGE 20) and in some cases electroblotted to a prewetted PVDF membrane (ProBlott; Applied Biosystems) 21) with a Trans-Blot semidry electrophoretic transfer cell (Bio-Rad) for determination of the N-terminal amino acid sequences by automated Edman degradation with a Model 491 protein sequencer (Applied Biosystems).
Primer Extension Assay A culture of V. parahaemolyticus AQ3354 grown in LB medium to an OD 660 of 0.3 was split into two portions; one was left untreated (iron-replete cells), and the other was supplemented with EDDA at 20 mM (iron depleted cells). Both were then further incubated to an OD 660 of 0.5. Total RNA was prepared from each cell pellet with an RNeasy Protect Bacteria kit (Qiagen) according to the manufacturer's instructions. Primer extension was carried out with the primer FUR-fhuA (Table 2 ) which had been 5Ј-labeled with Texas red as described above. The labeled primer was annealed to 20 mg of total RNA to extend by means of avian myeloblastosis virus reverse transcriptase XL (Takara Biomedicals) at 42°C for 60 min. The extension product was separated with a Hitachi SQ5500E DNA sequencer alongside the DNA sequence ladder of the control region synthesized with the same primer.
Fur Titration Assay The Fur titration assay (FURTA) 22) was used to assess the presence of a potential Fur box sequence (Fur-Fe 2ϩ binding site) in the promoter region of the fhu operon. In this assay, a cloned fragment containing a Fur box titrates out the Fur repressor, resulting in derepression of the E. coli chromosomal lacZ fusion. Briefly, PCR amplicons were obtained with primers FUR-fhuA and VPfhuA1-Bam-R (Table 2) to include the putative Fur box in the 5Ј-terminal region of fhuA, and their 413-bp Sau3AI-digested fragments were inserted into the BamHI site of pBluescript II KS(ϩ). Nucleotide sequence of the insert in the resulting plasmid pFHA-Fur was determined to confirm its correct sequence. Then, pFHA-Fur was electroporated into E. coli H1717 (a lac strain bearing a Fur-repressible fhuF::lacZ fusion; Lac Ϫ phenotype under iron-sufficient growth conditions). LacZ expression was assessed by visualization of a change in colony color from white to red on a MacConkey lactose agar plate (Difco) containing ampicillin and 20 mM ferrous ammonium sulfate.
Construction of fhuA and fhuD Deletion Mutants Deletion mutant strains, VPFHA and VPFHD, derived from V. parahaemolyticus TNB6 were constructed by double crossover events using a suicide vector pXAC623 according to the procedure of Kuroda et al. 23) Initially, two separate PCR amplicants containing the upstream and downstream regions flanking fhuA or fhuD, which had been produced by primers listed in Table 2 , were combined with a BamHI site into one longer product. These PCR products combined with the BamHI sites were each digested with SacI-KpnI, and ligated into the same sites of pXAC623, generating pXACFHA and pXACFHD (see Fig. 5 ). After propagation in E. coli SY327lpir, 24) the plasmids were each transformed into E. coli b2155 25) and then conjugated into TNB6 by filter mating, thereby integrating the plasmid into the chromosomal DNA by homologous recombination. Chloramphenicol-and ampicillin-resistant candidates were picked up and stored for the next step. One of the candidates was cultured in LB broth without any antibiotics, spread onto VDS-broth agar plates 23) containing 10% sucrose and incubated at 25°C to induce a second recombination. Colonies resistant to sucrose but sensitive to chloramphenicol were selected, and the desired chromosomal deletion mutation was confirmed by PCR ( Fig.   5B ) to differentiate from possible revertants. The deletion mutants thus obtained by the help of pXACFHA and pX-ACFHD were named VPFHA and VPFHD, respectively.
Moreover, RT-PCR was carried out to confirm that the other fhu genes in the deletion mutants are still transcribed as an operon. RNA samples prepared as described for primer extension assay were pretreated with 30 U of RNase-free DNase I (Qiagen) for 30 min at 37°C to exclude the possibility of contamination with traces of chromosomal DNA. RT-PCR was carried out with an RNA PCR kit (AMV version 2.1; Takara Biomedicals) according to the manufacturer's protocol. cDNA synthesis was performed at 42°C for 1 h with 0.5 mg of DNase I-treated total RNA and the primer (VPfhuB2 internal to fhuB) shown in Table 2 . Subsequent PCR was carried out with 10 ml of RT reaction mixture as a template as follows: after an initial denaturation of 2 min at 94°C, DNA was amplified for 30 cycles with each cycle consisting of denaturation at 94°C for 30 s, annealing at 62°C for 30 s, and extension at 72°C for 1 min. Primer pairs specific to each fhu gene used for RT-PCR are listed in Table 2 . The RT-PCR products were subjected to agarose gel electrophoresis and stained with ethidium bromide.
PCR of Genomic DNAs from Some V. parahaemolyticus Strains PCR was performed with two sets of primers, primer pair A and B (Table 2) , under the PCR conditions as follows: after initial denaturation of 94°C for 2 min, a cycle of 94°C for 15 s, 54°C for 30 s, and 68°C for 4 min was repeated 30 times. The PCR products were analyzed as described above.
RESULTS AND DISCUSSION
Utilization of Desferri-Ferrichrome by V. para- haemolyticus V. parahaemolyticus TNB6 (pvsA deletion mutant derived from AQ3354) not producing an inherent siderophore vibrioferrin failed to grow in LB broth containing 25 mM EDDA, while the addition of desferri-ferrichrome at 20 mM to the medium restored the growth (Fig. 1) , indicating that the bacterium is capable of utilizing desferri-ferrichrome as a heterologous siderophore. SDS-PAGE analysis of the iron-repressible OMPs in strain AQ3354 gave at least three protein bands having molecular masses in the range of 78 to 83 kDa (Fig. 2, lane a) , and only the 79-kDa OMP was not characterized yet. For analysis of the N-terminal amino acid sequence of the 79-kDa OMP, V. parahaemolyticus VPTF2 defective in PvuA 10) was used to avoid any interference due to PvuA migrated in close proximity (Fig. 2, lane  b) . The first 10 N-terminal amino acid residues, QDDV-TAMETI, determined for the 79-kDa OMP was found to completely match the amino acid sequence in the N-terminal region deduced from the fhuA gene of V. parahaemolyticus AQ3354 (vide infra).
Identification of Genes Required for Utilization of Desferri-ferrichrome in V. parahaemolyticus It has been reported that the fhuA gene and the fhuCDB genes in E. coli, respectively, encode the receptor specific to ferrichrome and the ABC transporter system common to some ferric hydroxamate siderophores such as ferric aerobactin and ferrichrome.
2,4) Moreover, V. cholerae has been reported to possess fhuACDB orthologs for ferrichrome utilization. 14) Based on these information, we hypothesized that V. parahaemolyticus would similarly possess fhu orthologs whose protein products constitute the ferrichrome utilization system. By using the amino acid sequences of V. cholerae FhuACDB, the V. parahaemolyticus RIMD2210633 genomic sequence was scanned to find genes that potentially encode the ferrichrome utilization system. We found a four-gene operon (Fig. 3A) , whose predicted proteins showed 57-76% amino acid sequence identities to the V. cholerae FhuACDB. Then, we decided to analyze nucleotide sequence of the region encompassing the corresponding genes of strain AQ3354 by PCR sequencing with the primers constructed based on the nucleotide sequences of fhuACDB in strain RIMD2210633. Upstream of fhuA is a putative Fur box, and transcription of fhuACDB appeared to be regulated by Fur, as described below. These results showed that the fhuACDB genes of V. parahaemolyticus are transcribed in the same direction and form an operon, as reported for E. coli 2) and V. cholerae.
14)
Amino Acid Sequence Analysis of FhuACDB Homology searches revealed that the fhu operon in strain AQ3354 encodes proteins, FhuA, an iron-repressible OMP receptor and FhuCDB, components of the ABC transport system, which share the highest homology with V. cholerae FhuA, C, D and B (65%, 76%, 57% and 61% identity, respectively). The predicted TonB box amino acid sequence which may be involved in direct interaction with the TonB protein was detected near the N-terminus of the V. parahaemolyticus FhuA (ETITV) (Fig. 3B) ; highly conserved amino acid residues are underlined. 26) Moreover, the first 10 N-terminal amino acid residues determined for the 79-kDa iron-repressible OMP matched the amino acid sequence deduced from fhuA nucleotide positions 203 to 232 (Fig. 3B) , indicating that FhuA is formed as a precursor protein with a 32-amino-acid signal peptide. Therefore, the molecular mass of the mature FhuA was estimated to be 73780-Da, which is, however, inconsis- ; HutA, heme receptor 10, 15, 36) ; PsuA, unknown receptor 10) ; PvuA, ferric vibrioferrin receptor. tent with the molecular mass of 79-kDa determined for FhuA by SDS-PAGE. This difference may be due to aberrant migration of the protein on SDS-PAGE as frequently reported for outer membrane proteins. G in the N-and C-terminal half, respectively), these glycine residues in E. coli FhuA being reported to be essential for transport of ferrichrome. 31) These features suggested that the FhuACDB proteins would function for transport of ferrichrome across the inner membrane.
Occurrence of the Putative Fur Box and Determination of the Transcriptional Initiation Site for the fhu Operon
Inspection of the sequence upstream of the fhuA coding region revealed the presence of a putative Fur box immediately downstream of the predicted promoter region of fhuA (Fig.  3B ). In agreement with this, a subclone pFHA-Fur containing the putative Fur box sequence in a 413-bp PCR-generated Sau3AI-Sau3AI fragment conferred a Lac ϩ phenotype to E. coli H1717 in the FURTA. Moreover, primer extension analysis carried out for total RNA samples of cells grown under iron-replete and iron-limiting conditions revealed the transcriptional start site at an appropriate position (Fig. 4) . In addition, an extension band was observed only for the RNA sample from cells grown under iron-limiting conditions, consistent with the iron-starved expression of FhuA as shown in Fig. 2 .
Growth Assay of fhuA and fhuD Deletion Mutants To examine their roles in the uptake of ferrichrome, the fhuA and fhuD genes of V. parahaemolyticus TNB6, a vibrioferrindeficient mutant from AQ3354, were each inactivated by deletion. The strategies for preparation of pXACFHA and pXACFHD used for construction of the respective V. parahaemolyticus deletion mutants are shown together with the fhu operon in Fig. 5A . PCR analysis revealed the DNA regions deleted in the fhuA mutant (VPFHA) and in the mutant fhuD (VPFHD) (Fig. 5B , compare lane P with lanes a and b in the fhuA and fhuD genes). We further examined by RT-PCR whether the other fhu genes in the mutant strains are transcribed as a polycistronic message. The RT-PCR products of the expected sizes were detected for the intact genes, but not for the deleted genes (Fig. 5C ), demonstrating that transcription of the fhu operon is not affected by gene deletion. The mutant strain VPFHA was then tested for growth in the presence of ferrichrome under iron-limiting conditions. VPFHA showed a complete inability to utilize ferrichrome (Fig. 6A) , and as expected, the FhuA protein band disappeared in this mutant (Fig. 2, lane c) , indicating that FhuA functions as a receptor for ferrichrome. VPFHD, a mutant defective in the ABC transport system, also showed no growth in the presence of ferrichrome (Fig. 6B) , suggesting that fhuD is one of the genes encoding the ABC transport system for ferrichrome.
We previously reported that V. parahaemolyticus utilizes aerobactin as a heterologous siderophore via the 83-kDa iron-repressible OMP as the ferric aerobactin receptor.
11)
However, the transport system for ferric aerobactin to cell cytosol remained to be clarified. As shown in Fig. 6B , growth of VPFHD under iron-limiting conditions was completely repressed in the presence of aerobactin, indicating that the FhuCDB transport system also functions for transport of ferric aerobactin. However, it was found that FhuA does not function as a receptor for ferric aerobactin, because VPFHA exhibited no impaired growth in the presence of aerobactin under iron-limiting conditions (Fig. 6A) .
The genomic sequence of V. parahaemolyticus RIMD 2210633 shows that iutA, encoding the ferric aerobactin receptor, and fhuCDB exist independently, being assigned to VPA0979 and VPA1436-1438 located on the chromosome II, respectively. It is, therefore, worth noting that, in contrast to V. parahaemolyticus, other Vibrio species such as V. mimicus, 32) V. hollisae 33) and V. vulnificus, 34) all of which are capable of utilizing aerobactin, possess respective own ABC transporter genes specific to ferric aerobactin in proximity to their receptor genes. This at least suggests that the ferric aerobactin receptor gene in V. parahaemolyticus might be acquired independently of its transporter genes by horizontal gene transfer.
Occurrence of the fhu Operon in Other V. parahaemolyticus Strains We tested whether the similar fhu operon is present in other V. parahaemolyticus strains. In the assay, genomic PCR analysis was carried out with two pairs of primers which can cover the entire fhu operon. All of strains tested including 14 clinical and 3 environmental isolates gave a PCR product with a size expected for each primer pair (Fig. 7) , indicating that the fhu operon is widely It is expected that capability of utilizing heterologous siderophores might confer some distinct competitive advantages to V. parahaemolyticus, thereby escaping from any bacteriostatic effect caused by heterologous siderophores and increasing chances of the successful growth in a given environment. In fact, the siderophores, particularly hydroxamatetype ones including aerobactin and ferrichrome, have been postulated to exist in natural environments in larger amounts than expected. 35) In conclusion, we identified in V. parahaemolyticus the Fur-regulated four-gene operon constituting the ferrichrome utilization system. The function of the operon was confirmed by construction of the corresponding mutant strains. In addition, it was shown that the fhuCDB genes encoding the ABC transport system are also required for transport of ferric aerobactin. Further studies are necessary to determine the existence and the amounts of these siderophores in natural environments in order to gain better understanding of the importance of these siderophores in survival and growth of this pathogen within marine or coastal ecosystems. VPFHD: 840-bp deletion in fhuD) were used for PCR with the primer pairs, VPfhuA-F and VPfhuA-R, and VPfhuD-F-and VPfhuD-R, listed in Table 2 . M, kilobase ladder; MЈ, 100-base ladder; P, V. parahaemolyticus TNB6; a, VPFHA (mutant strain with deletion in fhuA); b, VPFHD (mutant strain with deletion in fhuD). (C) The singlestrand cDNA templates were prepared with the primer VPfhuB2 from total RNA samples of the deletion mutants grown under iron-limiting conditions, and the subsequent PCR was carried out with the primer pairs (Table 1) internal to the respective genes. M, 100-base ladder; TNB6, parental strain; VPFHA, a deletion mutant in fhuA; VPFHD, a deletion mutant in fhuD; ϩ and Ϫ, RT-PCR with and without reverse transcriptase, respectively. providing E. coli b2155 and pXAC623 and for his helpful comments for our work.
